Oxidation of arylamines, such as aniline, is of high industrial interest and laccases have been proposed as biocatalysts to replace harsh chemical oxidants. However, the reaction is hampered by the redox potential of the substrate at acid pH and enzyme engineering is required to improve the oxidation. In this work, instead of trying to improve the redox potential of the enzyme, we aim towards the (transient) substrate's one and propose this as a more reliable strategy. We have successfully combined a computational approach with experimental validation to rationally design an improved biocatalyst. The in silico protocol combines classical and quantum mechanics to deliver atomic and electronic level detail on the two main processes involved: substrate binding and electron transfer. After mutant expression and comparison to the parent type, kinetic results show that the protocol accurately predicts aniline's improved oxidation (2-fold k cat increase) in the engineered variant for biocatalyzed polyaniline production.
INTRODUCTION
There is a rising interest for replacing harsh and environmentally unfriendly industrial chemical reactions by clean enzyme-based processes. 1 Although the practical use of proteins remotes to ancient times, the large scale usage of well characterized enzymes in textile, detergent and starch industries is the result, in most cases, of considerable advances in biotechnology. 2 Protein engineering based on rational design, directed evolution and/or computer simulations have shown considerable success but altering proteins remains an arduous process. 3 Laccases (EC 1.10.3.2) are oxidases that contain four copper ions: a tri-nuclear (T2/T3) cluster buried in the protein matrix, where molecular oxygen is reduced to water, and a T1 site, close to the surface of the protein, where substrates are oxidized. The promiscuity of these proteins toward a large number of organic compounds, use of oxygen as final electron acceptor (with no need of expensive co-factors), and production of water as sole by-product converts them into ideal biocatalysts for diverse technological purposes 4 . The relatively low redox potential (Eº 0.4 -0.8 V), when compared to other oxidoreductases such as peroxidases, limits their application 5 but the use of mediators has been found to expand their action toward more difficult substrates. 6 Trying to improve laccase's redox potential is a current strategy for increasing the oxidation capability of these proteins, 7 but the observation that K M and k cat of different laccases are ligand dependent evidences that oxidation is not reliant merely on the redox potential difference. 7a, 7c To advance in this matter we have used a recently developed computational protocol 8 that combines the protein energy landscape exploration (PELE) 9 software with quantum mechanics/molecular mechanics (QM/MM) 10 techniques. PELE is an all-atom Monte Carlo based algorithm routinely used in our labs to map long time scale dynamical processes such as global protein-substrate exploration or local induced fit events. 11 In redox processes, for example, we use it to identify important parameters such as donor-acceptor distance (DAD) 12 and the solvent accessible surface area (SASA) of the substrate.
12a, 13 Changes in these two parameters are expected to correlate with key variables in electron transfer theory: i) a shorter DAD points to a larger electronic coupling; ii) a smaller SASA suggests smaller solvent reorganization energy. 12 Then, using QM/MM we calculate spin densities on selected structures obtaining an estimation of electron transfer driving force.
10a, 14 In our previous study 8 we found that 2,6-dimethoxyphenol's enhanced oxidation by an evolved laccase was the result of substrate's rearrangement in the active site, with no important change in the redox potential of the T1 copper. In this study we challenge this computational protocol by rationally engineering a laccase for aniline (ANL) oxidation under preferred conditions for industrial application. Aniline and its derivatives have been traditionally used in the dyestuff industry, as precursors of aniline dyes and azo dyes for textiles, hair, leather or printing, 15 and also as components for engineering polymers, composites and rubbers. In particular, the synthesis of conductive polyaniline (PANI) has been widely investigated during the last two decades due to its wide range of applications (sensor devices, rechargeable batteries, 2 etc. 16 ). Conducting PANI macromolecules have regular headto-tail linked monomers (over 95%) but high conductive polymer is only produced in strongly acidic conditions (pH<2.5) using oxidants such as ammonium peroxydisulfate. 17 To replace these processes by enzymatic bioconversion is thus a main goal, 18 however, aniline (pK a =4.6) is mostly protonated at low pH. Since the anilinium cation (Eº=1.05 V) is much less oxidable than non-protonated aniline (ANL) (Eº=0.63 V), it becomes clear why laccases normally cannot oxidize this compound or reactions occur too slowly. 19 The high potential barrier for oxidizing aniline in acid medium 20 demands the use of high-redox potential laccases (E o ∼ + 0.8 V) such as the one used in this study, whereas other fungal laccases with lower redox potential, are unable to catalyze the reaction. The strategy, presented in this work, for improving the activity of a high redox potential recombinant laccase previously obtained by directed evolution, 21 aims at precision enzyme design instead of screening a large number of candidates.
22 By means of our computational protocol, two point mutations were predicted and experimentally validated in one single protein variant. The double mutant (DM) was produced in S. cerevisiae and compared with the parental laccase. Kinetic analysis showed a 2-fold k cat increase for ANL oxidation. Furthermore, oxidation of p-phenylenediamine (PPD), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and N,N-dimethyl-p-phenylenediamine (DMPD -see Scheme 1 for chemical structures) was also improved 1.4, 2,0 and 1.6-fold, respectively. DMPD, in particular, is a precursor of the high-value reagent methylene blue, with applications in wide a range of fields (including as a potential antimalarial agent), 23 which nowadays is produced by oxidation of DMPD with ferric chloride (a highly toxic compound) with hydrogen sulfide dissolved in hydrochloric acid. Overall, we demonstrate the laccase's enhancement towards the above-mentioned noteworthy technological applications, re-enforcing the potential for synergetic experimental and computational protocols in predictive studies.
RESULTS AND DISCUSSION
The work is presented in three sections. We begin by confirming the importance of the ligand binding event 8, 25 in ANL oxidation by a laccase developed in a previous directed evolution experiment. 21 After obtaining these molecular details we rationally designed the protein binding site for improved ANL oxidation. Secondly, the precision designed variant was experimentally obtained and compared against the parent type for oxidation of ANL, DMPD and PPD, thermostability and pH range. Finally, computational cross-validation for the observed improvement DMPD's oxidation was performed. In silico study and rational design for ANL oxidation. The computational protocol employed, described in the Methods section, begins by determining the binding event. For this, PELE, a Monte Carlo based molecular simulation software was employed. The program performs random substrate and protein perturbations aiming at reproducing fully flexible protein-substrate binding, including induced-fit effects. Here 120 independent 48h trajectories were produced to investigate the interactions between the laccase variants and each of the studied substrates. By analyzing the laccase-substrate interaction energy profiles produced by PELE ( Figure 1 ) we were capable of identifying the lowest energy minima and thus the main binding modes at the T1 copper site. Once these were identified QM/MM calculations were performed to estimate the fraction of the spin density localized on the substrate. QM/MM calculations split the system into two regions: quantum and classical. In the first, which includes the T1 copper with its first coordination sphere, electronic based methods were used to study the electron transfer. The second region, the classical one, includes the rest of the system, which provides the correct geometric and electrostatic environment to the quantum region. For these calculations, 50 complexes were randomly selected using a distance and interaction energy threshold. Selection was restrained to substrates' positions within 10 Å of the T1 copper atom site and 5 kcal/mol range from the lowest interaction energy. Interaction energy plots for ANL diffusion in the parent type laccase are shown in Figure  1A . Observation of the lowest interacting energy complexes in the parent type protein ( Figure 1A ) show ANL placed in the T1 cavity close to N207, N263, S264, and H-bonded to D205 ( Figure 2A ). QM/MM calculations performed on randomly selected structures (see Methods section) show that these exhibit 12 % spin density (Table 1 -average over 50 snapshots). The next step was to re-design the binding site to improve ANL's oxidation rate (at pH 3) by this laccase. Since changing the redox potential of the copper site is a complex task, in particular in a high redox potential laccase, 26 and conscious of the impact of the binding event in the overall oxidation rate, 7c, 8, 25b, 27 we have instead targeted to locally modify ANL's (anilinium cation) redox potential. We wish to stabilize the oxidized form of ANL boosting electron transfer to the Cu T1 site which, in theory, can be accomplished by introducing a second negatively charged residue (in addition to D205) next to ANL's binding site. To test this hypothesis, we probed alternative single-point mutations. Initially, we tested mutations in position 205 since the lowest energy structures showed a direct interaction between ANL and that residue in the parent type laccase. Furthermore, literature 28 pointed to a potential benefit from D205E mutation but computational QM/MM scoring indicated poorer activity. Other mutations, D205Y and D205A led to similar results (all computed spin densities are available in SI). In addition to D205, two other residues are seen in direct contact with the substrate: residues 207 and 263, both asparagines. Since our criteria for selecting the mutations was to improve the electrostatic environment around the substrate we started by testing single-point mutations to aspartic acid (identical side-chain length as asparagine) on each residue (N207D/N263D). This double mutant showed considerable spin density improvement (32 %) but two aspartic acids so close each to other could be troublesome for protein stability. For this reason, we tested which of these positions would have the most beneficial effect on ANL oxidation (Table S1 ) and found N263D to be the best candidate. Finally, positon 207 was mutated to serine because this mutation was found to be a good compromise between ligand binding, activity and protein stability. Ligand binding on the double mutant N207S/N263D (DM) displays an interaction energy profile slightly improved from the parent protein ( Figure  1B) , with a shorter DAD, in particular the amine group is in average closer to the Cu atom ( Figure 2B ), and similar SASA ( Figures 1C, D) ). Activity was scored with QM/MM calculations, which showed an enhanced 26 % spin density, compared with 12 % for the parent type laccase reaction (Table 1) . Finally, the likelihood of disrupting protein stability was assessed through sequence analysis (see below). Introduction of N207S/N263D modifies the substrate-protein interactions as seen in Figures 1B and 2B . The new minima show that the substrate is now located with a different orientation and the amine group closer to the copper atom thanks to the smaller side chain of S207 ( Figure 2B ), and enclosed be-tween the two negatively charged D205 and D263. The presence of these two residues so close to each other could also alter their protonation states (especially at pH 3) so to verify this possibility we have used H++ server to assess the pK a of these amino acids in the mutant protein. Predictions indicate a clear deprotonated state for both residues. Furthermore, DM interacts with ANL through the backbone carbonyl atoms of residues G391 and P393, the latter connected to the copper coordinated H394. We have also performed a sequence space search to check if other proteins carry the proposed mutations. We found, using HotSpot Wizard (loschmidt.chemi.muni.cz /hotspotwizard), that position N207 contains 34 out of 50 times an asparagine while 5 other sequences have serines in that position (default settings used). In the case of N263 also 34 out of 50 sequences have an asparagine but only two have a glutamic and one an aspartic acid. We have further verified these results by performing a BLAST search using the Prime module of Maestro software. After multiple sequence alignment with ClustalW (in SI) we found that out of 28 sequences (with available crystal structures) one contains the substitutions proposed in the DM (Figure 3 ). This multicopper oxidase (MCO), sharing 29 % sequence identity with our parent type, is not a laccase but the membrane Fet3 protein from S. cerevisiae, which catalyzes the oxidation of Fe(II) to Fe(III) (PDB entry 1ZPU).
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Figure 3 -Sequence logo including the residues mutated in this work. The positions 207 and 263 are identified by a red arrow The sequences belong to multicopper oxidases with at least 30% sequence identity to the parent type used in this work.
The fact that we find the N263S mutation in 5 other sequences and the two N207D/N263S mutations in another MCO, helps determine the probability of obtaining a stable variant. Experimental validation In order to verify the effect of the mutations predicted in silico, the N207S/N263D mutations were introduced in the parent laccase. The resulting DM was produced in S. cerevisiae, purified to 100% homogeneity and its activity with ANL at pH 3 compared with the pure parent type's ( Table 1 ). The enzyme's turnover for aniline increased 2-fold respecting the parental laccase. Also, DM showed 1.6-and 1.4-fold improvement of k cat with the aniline analogues DMPD and PPD and no increment in K M. , resulting in an enhancement of the catalytic efficiency as regards the parent type. The notably higher turnover rates of both enzymes on DMPD (respecting ANL) can be explained by the fact that, assuming that for each DMPD molecule only one nitrogen is positively charged, the reciprocal 1-4 position of the amine groups stabilizes the radical more than in ANL (since an electron donating group is in para with respect to the double positive charge).
It
. This residue assists the transfer of the proton while the electron is transferred through one His coordinating T1 copper (H458 in T. versicolor laccase), giving rise to the phenoxy radical. The concerted electron-proton transfer firstly described by Galli and co-workers 30 was confirmed in a recent work 27c . Nevertheless, improved oxidation of ABTS (Table 1) , which does not require a proton transfer, in the mutated variants favors the idea that changes observed in k cat are most likely due to an improved local oxidation of the substrate (thanks to an additional negatively charged residue) and not in a facilitated proton transfer. To validate this hypothesis we have further performed quantum calculations on a model system; the energy difference between the oxidized and nonoxidized forms of ANL in the presence and absence of a negatively charged carboxylic acid (in the same position of D263) was calculated (Table S2) . 31 Results indicate that the energy difference, and therefore oxidation, is more favorable when the negative charge is added, corroborating our hypothesis (for further details please see SI). The correlation between k cat and spin density (%) values for both laccases (and identical results seen in other studies 8, 27c ), confirmed the usefulness of simulation studies for the rational design of these enzymes. To better assess the possible benefit of this kinetic improvement for laccase application, we compared the activity and stability of the DM with the parent laccase at the working conditions for the enzymatic synthesis of polyaniline, which is pH 3 in the presence of anionic surfactants. DM presented a similar pH activity profile than the parental laccase ( Figure  4A ). As for the stability at acid pH, DM maintained the high stability of the parent laccase at pH 3, retaining 100 % initial activity after 5 h of incubation ( Figure 4B ). We also checked the laccase's thermostability since, very frequently, mutations with beneficial effects on enzyme activity might be detrimental for its stability. In this case, T 50 (the temperature at which the activity is 50 % of the initial activity) was lowered marginally by 1.5 ºC upon mutation of laccase (T 50 = 63.5 ºC for DM versus T 50 =65 ºC for the parental laccase). Finally, we assayed both laccases as biocatalysts for the synthesis of water-soluble polyaniline (PANI). The enzymatic polymerization of aniline was carried out in citrate-phosphate buffer pH 3, using dodecyl-benzenesulfonate (SDBS) as doping template to provide the p-coupling of the protonated ANL monomers. The synthesis of PANI was followed by monitoring the increment of absorbance at 800 nm. This absorbance band is the distinctive signal for emeraldine salt that is the green, protonated and conductive form of PANI. 32 When DM catalyzed the reaction, the absorbance at 800 nm was significantly raised. Up to 36 % higher absorbance was obtained after 22 h of reaction with DM respecting the value obtained with the parental laccase ( Figure 4C ). This increment correlated with superior production of green color during the polymerization of ANL catalyzed by DM ( Figure 4D ). 
DMPD in silico cross-validation
The aniline derivative, DMPD, was also chosen to compare the activity of DM and parent laccase. Since kinetic analysis showed a significant k cat and K M improvement and a literature survey reveals this compound to be a precursor for the production of methylene blue, a high-value reagent, we have crossvalidated the computational method with DMPD. The same protocol described for ANL was used for DMPD (keeping in mind that at pH 3 two possible protonation states can coexist). PELE simulations for the parent type laccase and DM evidence the positive effect of both single point mutations in DAD (as conformations closer to the copper atom are possible, Figures S1, S2 ). N263D mutation allows DMPD to adopt a new position more favorable for the oxidation (Figure 5 , results for the protonated tertiary amine where changes in DM are more pronounced). DMPD is initially interacting with H455 and A161 ( Figure 5A ) while in DM, it is more buried. DMPD in DM is interacting with the two acid side chains (D205 and D263) which generate a more favorable electrostatic environment for electron abstraction ( Figure 5B ). The presence of N207S/N263D mutations in the engineered laccase also displays an increased spin density of 68 % (opposed to 39 % for the parent laccase, Table 1) confirming that the computational method is consistently capable of reproducing the observed increase in k cat for both laccase substrates. It should be noted that spin densities must be taken as relative quantities, that is to say, a reference must always be available, preferentially the parent protein. Depending on the nature of the substrate and the local environment spin densities vary greatly but in relative terms are accurate predictors for improved k cat .
CONCLUSIONS
Based on a computational strategy optimizing DAD, SASA and protein ligand recognition, we rationally introduced two active site point mutations in a high redox potential laccase, aiming at a more favorable oxidation of ANL. Following this (classical force field) conformational space search, improved oxidation was confirmed with mixed QM/MM techniques. This combined effort provides a reliable in silico screening, reducing experimental validation to precisely designed mutants. In particular, the introduction of a negatively charged residue (N263D) has increased ANL's local oxidation (stabilizing the anilinium cation) and thus favoring electron transfer. Experimental results confirm that the recalcitrant oxidation of ANL shows a change in k cat from 10 to 23 s -1 . The increment of K M is not troublesome in terms of direct industrial application since high substrate concentrations are employed. Screening for improved oxidation of DMPD evidenced the enhancement of the catalytic efficiency thanks to a simultaneous improvement of k cat and K M. For these particular cases, the computational method appears to provide not only a qualitative prediction to k cat enhancement but also a notable quantitatively agreement with the computationally estimated spin density (2.2-and 1.6-fold for ANL and DMPD, respectively). Moreover, in line with earlier findings 8, 25a, 33 on the importance of the binding event, our results confirm that targeting the substrate's local (transient) oxidation is a reliable strategy for laccase activity improvement. These results are encouraging for future synergic computational and experimental studies aiming at bio-based oxidation of small arylamines with vast applications.
METHODOLOGY
Systems setup. The high redox potential laccase from basidiomycete PM1 (PDB entry 5ANH, provided by Dr. Javier Medrano) was used as template (96% sequence identity) for the evolved laccase. 21 For clarity purposes, the protein redox potentials referred along the text, unless otherwise mentioned, refer to the copper T1 site. The protein structure was prepared with assistance of Protein Preparation Wizard 34 , PROPKA 35 and the H++ web server 36 to determine the protonation state of all ionizable amino acids at pH 3. Four substrates have been employed in the computational study: ANL, and DMPD, PPD and ABTS. Substrates were fully optimized with the density functional M06 37 with the 6-31G** basis set in an implicit solvent and the electrostatic potential charges computed at the same level of theory were used in the following force field based PELE simulations. ANL was modeled as anilinium cation since it is the dominat-6 ing form at low pH needed for PANI production while DMPD (also studied at pH 3) was considered in two possible protonation states: charged on the primary or the tertiary amine. Protein-substrate binding modes. To determine the different binding modes of substrates in the T1 copper site, PELE 9a, 38 simulations were performed following the protocol, described in detail in Monza et al. 8 . Since the ligand's binding site in laccases is well known, each substrate was manually placed close to the entrance of the copper site and was then free to move in a region 20 Å within the T1 copper atom. Local conformational exploration was accomplished by perturbing the ligand and the protein in a sequence of steps followed by sidechain re-adjustment (using rotamer libraries) and all-atom minimization. It should be note that this procedure is unlike most docking approaches since, not only the dynamics of the ligand are taken into consideration, but also the protein's side chains and backbone. The new protein-substrate conformations are then accepted or rejected through a Metropolis test based on energy (E) differences computed using an OPLS force field 39 and a surface-generalized Born (SGB) implicit continuum solvent. 40 Interaction energies have been computed as = − ( + ) where PS refers to the protein (P) substrate (S) complex. From the local laccase-substrate sampling several important parameters (that may affect electron transfer) can be extracted. In first place, by analyzing the overall interaction energy profile, we identify the best binding poses. The average DAD is also computed since changes in electronic coupling can be qualitatively estimated through this quantity.
12 Then, the SASA gives indications on changes on the electronic reorganization energy (its solvent component) as a more exposed ligand will have a higher energetic penalty. 12a,
13, 41
QM/MM electron transfer. After selecting the lowest interaction energy complexes obtained in the PELE simulations these were used to estimate the amount of spin density transferred from the substrate to the copper T1 site. For this, we have used QM/MM methods which employ both quantum mechanics and molecular mechanics.
10, 14 QSite 42 was used, including in the quantum region the entire copper site (with equatorial and axial ligands) as well as the substrate. The M06-L 43 density functional with lacvp* basis set was used (LANL2DZ effective core basis set for the copper atom and 6-31G* for the rest of the atoms). The remaining part of the protein was modeled in the molecular mechanics section through an all-atom OPLS force field. Mulliken 44 populations were computed to characterize the spin density transferred from the substrate to the copper site. Previous studies have shown that these are insensitive to the functional employed and initial guess used for the wavefunction (specifying localized spin on either the donor/acceptor or neither at the beginning of the calculation does not change the results). 8 Also, previous experimental and theoretical studies have shown that spin density correlates well with oxidation potentials of donors in ET proteins, establishing if an unpaired electron is energetically more stable on the donor or acceptor's molecular orbitals. 8, 45 The rationale behind the choice of the point mutations presented in this work consists in increasing spin density along with decreasing SASA and DAD which is expected to lead to an improvement in k cat . 8 Aiming to simultaneously reduce the solvent reorganization energy and improve the driving force is justified by the high reorganization energy of laccases (above 30 kcal/mol 7c ), which safely places our designs far from Marcus inverted region. 13 Otherwise, more attention should be paid on the driving force-reorganization energy balance. Reagents and enzymes. DMPD, ANL and the S. cerevisiae transformation kit were purchased from Sigma-Aldrich. The high pure plasmid isolation kit was purchased from Roche. Zymoprep yeast plasmid miniprep II kit was purchased from Zymo Research and the plasmid midi kit and QIAquick gel extraction kit from QIAGEN. PFU Ultra High-Fidelity DNA polymerase was purchased from Agilent Technologies. Strains and culture media. The uracil-independent and ampicillin-resistance shuttle pJRoC30 vector carrying the parent laccase construct under the control of the GAL1 promoter was generated as previously described. 46 The protease deficient S. cerevisiae BJ5465 strain was grown in YPD medium. Minimal expression medium contained 100 mL 67g/L sterile yeast nitrogen base, 100 ml 19.2 g/L sterile yeast synthetic dropout medium supplement without uracil, 100 mL sterile galactose 20%, 67 mL KH 2 PO 4 1M pH 6.0 buffer, 1 mL sterile CuSO 4 1M, 1 mL sterile chloramphenicol 25 mg/mL in ethanol and 631 mL (ddH 2 O). Site directed mutagenesis/IVOE. Mutations N207S and N263D were introduced in the laccase sequence by in vivo overlap extension (IVOE). 47 Four mutagenic primers were designed to obtain overlapping ends: N207SFW (5´-TGCGACCCGTCTTACACG-3´), N207SRV (5´-CGTGTAAGACGGGTCGCA-3´), N263DFW (5´-CCTTCCCGACTCCGGGACCA-3´) and N263DRV (5´-TGGTCCCGGAGTCGGGAAGG-3´). Also, we used primer RMLN sense (5'-CCTCTATACTTTAACGTCAAGG-3') which binds to nucleotides 160-180 of the plasmid; and primer RMLC antisense (5'-GGGAGGGCGTGAATGTAAGC-3'), which binds to nucleotides 2031-2050 of the plasmid. The 5′-end gene fragment was amplified with RMLN and reverse mutagenic N207SRV primer, the center fragment with N207SFW and N263DRV primers, and the 3′-end fragment with RMLC and forward mutagenic N263DFW primer. All polymerase chain reactions (PCR) mixtures were prepared in a final volume of 50μL containing 0.25 μm of each primer, 1μm of dNTPs, 2.5 U Pfu ultra DNA polymerase and 100 ng of pJRαlac 21 was used as template. Reactions were performed as follows: 95 ºC for 2 min (1 cycle) 94 ºC for 0.5 min, 55 ºC for 0.5 min and 74 ºC for 2 min (28 cycles); and 72 ºC for 10 min (1 cycle). Purified PCR products were co-transformed in yeast together with the linearized expression vector. Transformed cells were plated in SC dropout plates 46a and incubated for 2 days at 28 ºC. Laccase production and purification. Laccase was produced in 1-L flask cultures, in minimal expression medium, at 30 ºC, 200 rpm. Crude extracts were separated by centrifugation at 12000 rpm at 4 ºC, then, filtered using a 0.45 μm pore size membrane and concentrated by ultra-filtration through 10000 MWCO membranes and dialyzed against 20 mM Tris-HCl buffer, pH 7. Laccases were purified by HPLC (AKTA purifier, GE Healthcare) in two anion-exchange and one molecular exclusion steps: first, using a HiPrep Q FF 16/10 column and a 100 mL gradient of 0 -40 % elution buffer (20 mM Tris-HCl + 1 M NaCl, pH 7); second, using a Mono Q HR 5/5 column and a 30 mL gradient of 0 -25 % elution buffer; and finally using a HiLoad 16/600 Superdex 75 pg column and 20 mM Tris-HCl + 150 mM NaCl, pH 7 (all columns from GE Healthcare). Fractions containing laccase activity were pooled, dialyzed and concentrated between each chromatographic step. Laccase characterization. Kinetic constants. Substrate oxidation was measured by the increment of absorbance at 550 nm for DMPD (ε550= 4134 M -1 cm -1 ) and 410 nm for aniline (ε410= 1167 M -1 cm -1 ) using the plate reader Spectramax Plus (Molecular Devices). Reactions were carried out in triplicate, in 50 mM citrate-phosphate buffer pH 3.0, in 250 μL final volume. Initial rates were represented versus substrate concentration and fitted to a single rectangular hyperbola function in SigmaPlot (version 10.0) software, where parameter a was equal to k cat and parameter b was equal to K M .. Optimum pH. Plates containing 10 μL of laccase sampleswith 0.1 U/mL activity (measured with 3 mM 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), (ε418 = 36000 M -1 cm -1 ) and 180 μL of 100 mM Britton and Robinson buffer were prepared at pH values of 2, 3, 4, 5, 6, 7 and 8. The assay commenced when 10 μL of 60 mM ABTS was added to each well to give a final substrate concentration of 3 mM. Activities were measured in triplicate in kinetic mode and the relative activity was calculated as a percentage of the maximum activity of each variant in the assay. Stability at pH 3. 40 μL laccase with 0.1 U/mL activity (measured as aforementioned), were added to 150 μL citratephosphate buffer 50 mM, pH 3. Plates were incubated for 5 hours at room temperature. The residual activity was measured in triplicate in kinetic mode in the plate reader, and the relative activity was calculated as a percentage of the initial activity. One activity unit was defined as the amount of enzyme needed to transform 1 µmol ABTS/minute. Thermostability. T 50 was evaluated as previously described 21 Enzymatic polymerization of aniline. Oxidation of 15 mM aniline was carried out in 25 mL 50 mM Citrate-phosphate pH 3, using 5 mM sodium dodecylbenzenesulfonate (SDBS) as template. The reaction was performed with 0.1 U/mL laccase activity (measured with 3 mM DMPD pH 3) of crude enzyme, in Pyrex bottles maintaining a 1:1 medium: air ratio (v/v), at room temperature, for 24 h in constant stirring. Increase in 800 nm absorbance was followed in triplicate.
